Movement disorders are primarily associated with the basal ganglia and the thalamus; therefore, movement disorders are more frequently manifest after stroke compared with neurological injuries associated with other structures of the brain. Overall clinical features, such as types of movement disorder, the time of onset and prognosis, are similar with movement disorders after stroke in other structures. Dystonia and chorea are commonly occurring post-stroke movement disorders in basal ganglia circuit, and these disorders rarely present with tremor. Rarer movement disorders, including tic, restless leg syndrome, and blepharospasm, can also develop following a stroke. Although the precise mechanisms underlying the pathogenesis of these conditions have not been fully characterized, disruptions in the crosstalk between the inhibitory and excitatory circuits resulting from vascular insult are proposed to be the underlying cause. The GABA (gamma-aminobutyric acid)ergic and dopaminergic systems play key roles in post-stroke movement disorders. This review summarizes movement disorders induced by basal ganglia and thalamic stroke according to the anatomical regions in which they manifest.
INTRODUCTION
Movement disorders that manifest following a stroke are most frequently associated with lesions in the basal ganglia (44%) and the thalamus (37%). 1 The probability of developing a movement disorder after an infarction of deep nuclei infarction, such as one affecting the basal ganglia and thalamus, is three times greater compared with a surface infarction. 2 The characteristic clinical features of movement disorders induced by lesions in the basal ganglia circuit are similar to those observed in post-stroke movement disorders associated with other regions of the brain. Movement disorders resulting from basal ganglia infarction typically present unilaterally in the contralateral side of the ischemic lesion, and there is a delay in the onset of these conditions after a stroke occurs. Movement disorders present with various symptoms, including dystonia, chorea/ballism, and tremor, that spontaneously resolve within several years. The frequencies at which various movement disorders appear after stoke are shown in Table 1 . 1, 3 Small vessel infarctions in the basal ganglia and thalamus are the most common types of stroke implicated in movement disorders. Movement disorders that present after cardioembolism, large artery infarction, and intracerebral hemorrhage have also been reported. Strokes confined to the basal ganglia circuit can induce hyperkinetic movement disorders, including dystonia, chorea, asterixis, and hypokinetic movement disorders such as vascular Parkinsonism. Similar to movement disorders mediated by other regions of the brain, the precise mechanisms underlying movement disorders associated with stroke in basal ganglia circuit are not fully understood.
FUNCTIONAL ANATOMY Basal ganglia-thalamocortical circuit
The basal ganglia comprise the principal subcortical component of the circuits that link the cerebral cortex and the thalamus. The basal ganglia comprise four deep nuclei: 1) The putamen, which is the source of input to the basal ganglia, receives input from fibers emanating from the motor cortex.
2) The internal segment of the globus pallidus, also referred to as the globus pallidus interna (GPi), and the substantia nigra pars reticulata (SNr) are the major sources of output from the basal ganglia, and these structures receive projections emanating from the putamen. 3) A portion of the external globus pallidus and subthalamic nucleus (STN) function as the relay nuclei in the indirect pathway. 4) The ventrolateral (VL) thalamus receives projections from the output structures (GPi and SNr) and projects them back to the motor cortex. 4 The basal ganglia reach the cerebral cortex via the ventral anterior nucleus of thalamus, thereby contributing to the pathway that mediates the preparatory phase of movements ( Figure 1 ).
The nuclei of the basal ganglia receive input from the cerebral cortex and send output to the cerebellum and spinal cord via the thalamus. The intrinsic basal ganglia connections are categorized into two connecting pathways: the direct pathway and the indirect pathway. The direct pathway, which uses gamma-aminobutyric acid (GABA) to perform its functions, emanates from the putamen and projects directly into the output regions (GPi/SNr). When phasic excitatory input activates the direct pathway from the striatum to the pallidum, the tonically active neurons in the pallidum are suppressed, and the thalamocortical drive is ultimately activated. In contrast, the indirect pathway, which originates from the putamen, projects to the basal ganglia output region through a network that directly involves the globus pallidus externa (GPe) and the STN. The indirect pathway comprises several connections between the striatum and the GPe, the GPe and the interna, and the GPi and the STN. These circuits enhance the inhibition of the thalamocortical drive. Thus, the direct pathway provides positive feedback, and the indirect pathway provides negative feedback in the circuit between basal ganglia and thalamus. 5 A growing body of recent evidence suggests that a novel hyperdirect pathway relays direct cortical projections to the STN. 6 This dynamic cortico-STNpallidal hyperdirect pathway has been referred to as the center-surround model of basal ganglia function. 7 When voluntary movement is initiated, the cortico-STN-pallidal hyperdirect pathway activates GPi neurons, which ultimately results in the inhibition of the thalamocortical tract. The direct pathway subsequently conveys a signal to the GPi and inhibits pallidal neurons in the central region. Inhibition of the pallidal neurons relieves the inhibition of select thalamocortical neurons. The indirect pathway ultimately reaches the GPi, thereby activating neurons and reestablishing inhibition of the thalamocortical tract. As a result of this sequence of events, a specific motor program can be initiated, executed, and terminated. This novel mechanism mediated by the basal ganglia emphasizes the functional significance of the STN in motor control.
The temporal relationship between stroke onset and movement disorders (acute or delayed onset)
The latency of movement disorders after basal ganglia infarction varies according to the type of movement disorder (Table 2) . Ballism, chorea, myoclonus, and asterixis primarily develop as acute manifestations, whereas tremor and dystonia tend to manifest as delayed onset movement disorders after basal ganglia infarction. Ballism and chorea exhibit the shortest delay in onset and present with within a few days after stroke (mean: 4.3 days). 8 Tremor is associated with the longest delay in onset, although a few cases of acute onset tremor have been reported (from 1 month to 4 years). 9 Dystonia is another movement disorder with a delayed onset, but it tends to manifest earlier than tremor (mean: 9.5 months). 10 The development of features resembling Parkinson's, a disorder referred to as vascular Parkinsonism, occurs within the first year after basal ganglia infarction.
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HYPERKINETIC MOVEMENT DISORDERS INDUCED BY LESIONS IN THE BASAL GANGLIA CIRCUIT Pathophysiology
Hyperkinetic movement disorders have been described on the basis of the basal ganglia model. Typi- cally, lesions of the STN decrease the excitation of the basal ganglia output, and consequently reduce thalamic inhibition. The striatum is commonly involved in hyperkinetic movement disorders. According to the box theory, lesions in the striatum interrupt the transport of GABA to the GPe and, as a result, inhibit the STN. This change can lead to the loss of control of the GPi and consequently relieve the inhibition of thalamic output. In turn, the decrease in striatal inhibition of neurons in the globus pallidus enhances STN inhibition, thereby relieving the inhibition of basal ganglia output to the thalamus. The GABAergic and dopaminergic system might also contribute to post-stroke movement disorders. Animal studies demonstrated that ischemic insult alters dopaminergic receptors and that this change leads to the degeneration of the GABAergic system in the SNr. 12, 13 Notably, GABA plays a major role in the modulation of inhibitory synaptic transmission in the brain.
However, hyperkinetic movement disorders are relatively rare even when the basal ganglia are markedly damaged. This observation might be explained by individual susceptibility and brain plasticity. The basal ganglia network might be composed of parallel processing and have a compensatory mechanism that protects against the loss of motor control. 14 Involuntary movements that arise after basal ganglia infarction typically result from clearly defined lesions of the nuclei or from imbalances in the neurotransmitter system in basal ganglia. 15 Recent evidence suggests that most movement disorders induced basal ganglia lesions result from defects in functional connectivity rather than from a single lesion. 9 A reduction in the activity of the indirect pathway results in hyperkinetic movement disorders, including chorea and ballism. Studies in animal models strongly support the hypothesis that STN lesions induce hyperkinetic movement. An experimental monkey model demonstrated that STN lesions can induce hyperkinetic movements such as hemiballism and chorea. 16 STN lesions in monkeys decreased the tonic discharge of GPi neurons and consequently increased the response of thalamocortical neurons to cortical input. Together, these events culminate in involuntary movement. Lesions in the putamen can also reduce GPi discharge and enhance the response of thalamocortical neurons.
Several mechanisms by which post-stroke delayed onset movement disorders such as tremor and dystonia develop have been proposed. For example, delayed onset movement disorders that arise after basal ganglia ischemia might be a consequence of dendritic plasticity and changes in synaptic activity patterns. Changes in brain metabolism in response to ischemic insults vary with the age at which the injury occurs. 17 A negative correlation between the age at which ischemic insult occurs and the time between the insult and the onset of movement disorders has been previously reported. 10 It is also possible that the cumulative effect of multiple variables, including location, the severity of the injury, individual susceptibility, and age of occurrence, may play a role in determining movement disorder after basal ganglia infarction.
Types of movement disorder
Ballism/chorea
Neuroimaging studies have demonstrated that hemichorea or ballism are most commonly associated with the STN, caudate, and putamen. 18 In an animal model, chorea developed as a result of STN inactivation and a consequential reduction in basal ganglia output. 19 Ballism and chorea are known to share a common pathophysiology. 20 Ballism and chorea are the most frequently occurring movement disorders associated with basal ganglia infarction. Chorea presents with irregular, abrupt, rapid, and transient movements that can affect the entire body, and chorea typically manifests in the distal region of the body. Ballism is a severe form of chorea that presents with proximal limb involvement. 21 Although, hemiballism and hemichorea are more frequently reported compared with ballism in chorea, these disorders can occur in combination with ballism and chorea of the limbs. 22 Chorea and ballism affect similar bodily regions, indicating that the two movement disorders are strongly associated. In contrast with dystonia, approximately 80% of cases of ballism or chorea develop immediately after a stroke. 23 In total, 54% of cases of chorea associated with infarctions in the basal ganglia circuit completely resolve; however, chorea associated with STN lesions do not resolve.
While the STN is considered the primary region of the brain associated with hemichorea, lesions to the striatum are the most frequent cause hemichorea. 18, 24 However, rare cases of ipsilateral hemiballism and contralateral hemiparesis have been reported. 25 Very few cases of chorea or ballism associated with isolated thalamic infarction have been reported. One study demonstrated that hypoperfusion of the STN and globus pallidus using a (99m) Tc-ethyl cysteinate dimer-single photon emission computed tomography associated with the development of chorea after stroke. 26 
Dystonia
A previous study demonstrated that lesions in the posterior putamen and GPe, which might affect the direct and indirect pathway, induce dystonia. 27 Lesions of the thalamus, especially those in the ventroanterior (VA) and VL nuclei, and cerebellar lesions can cause dystonia. Neuroimaging studies demonstrated that lesions in the putamen and pallidum can also cause dystonia. 28 A review of the literature indicates that dystonia is frequently associated with lesions in the basal ganglia, especially in the lentiform nucleus and that dystonia is the most commonly occurring movement disorder. 2, 29 Lesions in the lentiform nucleus are most frequently implicated in dystonia, especially those in the putamen. 9, 30, 31 Dystonia is defined as sustained muscle contractions or abnormal posture. Dystonia commonly presents in combination with hemidystonia on the contralateral side. However, focal and segmental dystonia can also occur. 1, 3, 8 Rare cases of paroxysmal dystonia have also been reported. 32 In most patients, dystonia completely or partially resolves. The average delay in the onset of dystonia is 9.5 months, which is a relatively long period of time compared with other movement disorders. Most patients that develop dystonia following basal ganglia and thalamic infarctions initially present with hemiparesis and develop dystonia once the hemiparesis resolves. 33 The length of time between the acute infarction and the onset of dystonia indicates that the recovery process plays a role in the development of dystonia. 34 MRI studies revealed that the postcommissural putamen, which is the lateral and ventral part of the head in the caudate nucleus that mediates the sensorimotor functions of the striatum, is associated with dystonia. 3, 31 Pure thalamic stroke can also induce dystonia. 35 The posterolateral, paramedian, and centromedian nuclei are typically involved in dystonia, despite the fact that the VL and VA nucleus receive input from the basal ganglia. Lesions in the centromedian nucleus have also been implicated in dystonia. 32 The precise mechanisms by which lesions in these regions of the brain induce dystonia have not been fully characterized. Dystonia might be a consequence of the hypertonicity caused by the suppression of motor system inhibition at several levels.
Myoclonus and asterixis
Myoclonus can arise as a result of damage to the cerebral cortex, brainstem, spinal cord or peripheral nerve. 36 Pure cortical myoclonus can also be associated with the cortical myoclonus. 37 There have been few reports of myoclonus induced by striatal lesions. 38 Consistent with this observation, myoclonus is a rarely reported observed in strokes other than those affecting the basal ganglia. The development of general myoclonus following basal ganglia infarction has not been reported. 39 Asterixis, which is also referred to as negative myoclonus, is characterized by the failure to maintain muscle contraction in a fixed position. Asterixis has been observed following the occurrence of thalamic infarctions involving the brainstem and cerebellum. 40 Unilateral asterixis is more commonly observed, but some cases of bilateral asterixis have been reported.
Asterixis may be attributed with the loss of proprioception due to an interruption of the cerebellum/ brainstem/thalamus/frontal lobe system, which has also been implicated in asterixis. 41 Lesions in the ventral lateral and ventroposterolateral nuclei in the thalamus can also induce the development of unilateral asterixis.
Tremor
Tremor after stroke often exhibits a heterogeneous presentation of that includes resting, action, and intention tremors. 9 Unilateral, multifocal, and segmental tremor are more commonly observed compared with generalized and focal tremor. 3 Tremor in the absence of other involuntary movement is extremely rare. The frequency of post-stroke tremor is relatively low (1-3 Hz) and is similar to the frequency of rubral tremors. 42 The delayed onset of post-stroke tremor can range from several months to several years after the event.
There have been reports of tremor after basal ganglia infarction; however, tremor induced by lesions to the thalamus is more frequently observed. Lesions to the posterior nucleus in the thalamus frequently induce tremor. 43 Although less common, tremor induced by strokes affecting the intermediate and anterior nuclei of the thalamus have also been reported. 44, 45 Tremor arising from thalamic infarctions more frequently present in combination with other movement disorders, rather than occurring in isolation. Clinicopathological studies suggest that the dentatorubrocerebellar tract might also play a role in the development of tremor following thalamic infarction. 43 
Complex movement disorders
It is not uncommon for patients to present with a combination of symptoms associated with multiple involuntary movement disorders following a thalamic stroke. Complex movement disorders can present with symptoms of dystonia, athetosis, chorea, and action tremor, and these symptoms can vary in their degree of severity. 34 The development of tremor in combination with dystonia following thalamic stroke has been reported. 46 Myoclonic dystonia in the ventral intermediate and posterior nuclei following thalamic infarction has also been reported. 47 The lesions associated with these conditions involve the posterolateral thalamus, and complex movement disorders can also be associated with sensory deficits and limb ataxia. Complex movement disorders frequently involve the hands and fingers, and typically exhibit a relatively long delay of 2 weeks to 24 months before involuntary movements develop.
Miscellaneous
Rarer involuntary movements that can manifest after basal ganglia infarction include tic, blepharospasm, restless leg syndrome (RLS), akathisia, and istereotypic movement disorder behaviors.
Tic
Tic is defined as sudden, repetitive, nonrhythmic motor movement or vocalization. Very few cases of tic following basal ganglia infarction have been reported. Although there have been reports of tics developing as a result of infarctions of the caudate and lentiform nuclei. 48, 49 Tic and dystonia often present in combination. The cortico-striato-thalamo-cortical circuit might play a crucial role in the development of tics as ischemic lesions can disrupt this circuit. 50 
Blepharospasm
Blepharospasm is rarely reported after basal ganglia infarction, although rare cases of blepharospasm after striatal infarction and bilateral basal ganglia infarction have been reported. 51, 52 Functional MRI studies demonstrated that activation of the putamen is required for the development of blepharospasm, suggesting that the striatum is involved in the initiation and execution of eyelid spasms. 53 Restless leg syndrome RLS, which is characterized by unpleasant and uncomfortable sensations in the legs when lying down, can also develop following acute ischemic or hemorrhagic stroke in various regions of the brain. 54 Among RLS after cerebral infarction, approximately 30.4% of cases of RLS following cerebral infarction are associated with basal ganglia lesions, and 14.3% are associated with thalamic lesions. 55 RLS typically exhibits an acute onset and develops within 1 week of an infarction. The classic motor and sensory symptoms of stroke are not associated with RLS. A study using positron emission tomography (PET) demonstrated that RLS is associated with dopaminergic hypofunction of the caudate nucleus and the putamen. 56 The basal ganglia-brainstem circuit might also contribute to the development of RLS.
HYPOKINETIC MOVEMENT DISORDERS IN LESION OF BASAL GANGLIA CIRCUIT Pathophysiology
The mechanism underlying aberrant hypokinetic movements in Parkinsonian bradykinesia have been well established. A reduction in dopamine levels stimulates the indirect pathway and results in a strong inhibition of neurons in the GPe. These events lead to the tonic inhibition of the STN, and exert a strong excitatory effect on basal ganglia output neurons. Thus, hypokinetic movements in Parkinson's disease are attributed to the strong inhibition of basal ganglia output. However, ischemic vascular insult is not associated with dopaminergic loss at the level of the substantia nigra. Although the pathophysiology of vascular Parkinsonism after stroke is not entirely clear, ischemic lesion might interrupt the pallido-/ nigro-thalamic circuit, thereby disrupting basal ganglia output to the thalamic VL and VA nuclei. 57 scribed in Table 2 and Figure 2 . Disorders involving both hyperkinetic and hypokinetic movements can occur following a stroke. Chorea/ballism and dystonia are the most common types of hyperkinetic movement disorders that arise following basal ganglia and thalamic infarctions. Tremor is often develops following thalamic infarction and exhibits extensive cerebellar tract involvement. Although myoclonus is rarely observed following strokes in the basal ganglia circuit, asterixisis often reported in this context. Chorea/ballism developed at the acute stage post-stroke, whereas dystonia and tremor exhibit a relatively long delay in their onset. Vascular Parkinsonism can also exhibit an acute onset after basal ganglia stroke, but it is rarely manifests as a result of thalamic or STN infarction.
To date, few studies describe the pathophysiology of movement disorders associated with strokes in the basal ganglia circuit have been reported. Recently, new neuroimaging techniques, including diffusion tensor MRI, functional MRI, and PET, have provided new insights into various brain functions. Future studies employing these new approaches are expected to provide novel insights into the mechanisms underlying post-stroke movement disorders.
Vascular Parkinsonism
Vascular Parkinsonism, which was initially referred to as atherosclerotic Parkinsonism by Critchley, is condition in which features of Parkinson' s disease appear after a stroke. Vascular Parkinsonism is a poorly defined disease, and shares clinical and pathological features of other diseases. Therefore, if vascular Parkinsonism represents a distinct disorder has been debated. There are no established diagnostic clinical criteria to diagnose vascular Parkinsonism, although some groups have proposed guidelines for diagnosis and appropriate management. Vascular Parkinsonism has been reported in 2% to 3% of all cases of Parkinsonism; however, the true incidence is not known. 58 Vascular Parkinsonism can be unilateral or bilateral involvement, can be caused by lesions to the lentiform nucleus and striatum, as well as pontine lesions and extensive subcortical white matter lesions. 58 Two distinct subtypes of vascular Parkinsonism have been proposed. The first type is described as Parkinsonism after acute basal ganglia infarction and the second type is described as chronic diffuse white matter degeneration involving the lentiform nucleus and the striatum. Despite continuous debate, vascular Parkinsonism shares several clinical features with Parkinson's disease, including symmetrical presentation, the absence of tremor, predominantly lower body involvement, and poor response to L-dopa. 59 Infarctions affecting basal ganglia lacunae, including the thalamus, GPe and putamen, that extend into the caudate and internal capsule, can induce features of Parkinson's disease. 60 There have been no reports of vascular Parkinsonism associated with STN infarction. In cases of vascular Parkinsonism after acute basal ganglia infarction, ischemic lesions affecting the pallido-/nigro-thalamic pathway might interrupt basal ganglia output to the thalamic VL and VA nuclei. 57 Unilateral lesions can induce features of Parkinson's disease on the side of the body opposite of the legion, suggesting the existence of a causal relationship between basal ganglia infarction and vascular Parkinsonism.
CONCLUSIONS
The characteristics and anatomical regions associated with the various movement disorders that result from lesions in the basal ganglia circuit are de- 
